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Epigenetic chromatin modification is a major regulator of eukary-
otic gene expression, and aberrant epigenetic silencing of gene
expression contributes to tumorigenesis. Histone modifications
include acetylation, phosphorylation, and methylation, resulting in
a combination of histone marks known collectively as the histone
code. The chromatin marks at a given promoter determine, in part,
whether specific promoters are in an open/active conformation or
closed/repressed conformation. Dimethyl-lysine 4 histone H3
(H3K4me2) is a transcription-activating chromatin mark at gene
promoters, and demethylation of this mark by the lysine-specific
demethylase 1 (LSD1), a homologue of polyamine oxidases, may
broadly repress gene expression. We now report that novel bi-
guanide and bisguanidine polyamine analogues are potent inhib-
itors of LSD1. These analogues inhibit LSD1 in human colon
carcinoma cells and affect a reexpression of multiple, aberrantly
silenced genes important in the development of colon cancer,
including members of the secreted frizzle-related proteins (SFRPs)
and the GATA family of transcription factors. Furthermore, we
demonstrate by chromatin immunoprecipitation analysis that the
reexpression is concurrent with increased H3K4me2 and acetyl-
H3K9 marks, decreased H3K9me1 and H3K9me2 repressive marks.
We thus define important new agents for reversing aberrant
repression of gene transcription.
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pigenetic chromatin modification is a major regulator of eu-

karyotic gene expression (1, 2). In cancer, DNA promoter
hypermethylation in combination with other chromatin modifica-
tions, including decreased activating marks and increased repressive
marks on histone proteins 3 and 4, have been associated with the
silencing of tumor suppressor genes (3). Histone modifications
include acetylation, phosphorylation, and methylation, resulting in
a combination of histone marks that is known collectively as the
histone code (1). The combination of chromatin marks at a given
promoter determines, in part, whether specific promoters are in an
open/active conformation or closed/repressed conformation (1, 4).
Histone acetylation is frequently associated with active genes and
is a result of the dynamic interaction between activities of histone
acetyltransferases and histone deacetylases (5). Histone methyl-
ation can be associated with either active or repressive signals and
has also recently been discovered to be a dynamic process regulated
not only by the addition of methyl groups by histone methyltrans-
ferases, but also by removal of methylation catalyzed by lysine-
specific demethylase 1 (LSD1) and JmjC domain demethylases
(6-10).

A key positive chromatin mark found associated with promoters
of active genes is histone 3 dimethyl-lysine 4 (H3K4me2) (11, 12).
LSD1, also known as BHC110 (6, 13), catalyzes the demethylation
of H3K4me1 and H3K4me?2 and is associated with transcriptional
repression. Therefore, LSD1 has the potential to be a major
regulator of gene expression through the modulation of chromatin
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structure, and its inhibition has considerable importance in the
study of the biology underlying chromatin regulation of gene
transcription. A better understanding of the role of LSD1 in the
regulation of gene expression should aid in the discovery of
strategies for reexpressing inappropriately silenced genes as a
rational approach for the treatment of cellular pathologies, includ-
ing cancer.

LSD1 shares considerable homology with FAD-dependent poly-
amine oxidases, including spermine oxidase (SMO/PAOh1) (6, 14).
As guanidines have been shown to inhibit both SMO/PAOA1 and
other polyamine oxidases (15, 16), we sought to determine whether
unique biguanide and bisguanidine polyamine analogues were
effective inhibitors of LSD1 and whether cellular inhibition of
LSD1 could lead to the reexpression of aberrantly repressed genes
important in cancer.

Results and Discussion

A small library of bisguanidine (Fig. 14, 1a-1g) and biguanide (Fig.
1B, 2a-2f) polyamine analogues (17) was tested for the ability to
inhibit recombinant LSD1 in vitro. Nine compounds were found to
inhibit demethylase activity by >50% at 1 uM (Fig. 1C). The two
most potent inhibitors, 1¢ (1,11-bis{N2%,N3-dimethyl-N'-guanidino }-
4,8-diazaundecane) and 2d (1,15-bis{N>-[3,3-(diphenyl)propyl]-N'-
biguanido}-4,12-diazapentadecane), were chosen for further study.
In inhibition studies with purified LSD1 protein, both compounds
exhibited noncompetitive inhibition kinetics at concentrations <2.5
uM (Fig. 1 D and E), suggesting that, although the polyamine
compounds could be considered analogues of the natural methyl
lysine substrate of LSD1, they do not appear to compete with
H3K4me?2 at the active site. It is, however, possible that the same
kinetics may not apply in the context of the nucleosome in situ.
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Inhibition of LSD1 by polyamine analogues. (A) Bisguanidines (1a-1g). (B) Biguanides (2a-2f). (C) Three micrograms of purified LSD1 protein were

incubated with 5 uM H3K4me2 (1-21 aa) as substrate in the presence of 1 uM of the indicated analogue. The results represent the mean of three determinations +
SD. (D and E) The effects of increasing concentrations of 1c (D) or 2d (E) on LSD1 activity in the presence of increasing substrate concentrations. Double reciprocal

plots indicate inhibition of LSD1 by 1c and 2d to be noncompetitive.

To determine whether compounds 1c and 2d had cellular activity,
the effects on global H3K4 methylation were examined after
exposure of HCT116 human colon carcinoma cells to increasing
concentrations of each compound for 48 h. This exposure produced
significant increases in both H3K4mel and H3K4me2, without
affecting global H3K9me?2 levels (Fig. 2 A and B). By contrast,
compounds 1d and 2b, which are poor inhibitors of purified LSD1,
were significantly less effective at increasing global levels of
H3K4me?2 in treated HCT116 cells [supporting information (SI)
Fig. 7]. Levels of H3K4me3, which is not a substrate for LSD1 (6),
were not affected.

Promoter region H3K4me?2 is associated with expressed genes
(11, 12), and although this mark can occur outside the promoter
region, in vertebrates it is predominantly found proximal to active
genes (18, 19). In cancer cells, this mark is depleted in the promoters
of several epigenetically silenced, and aberrantly DNA hyperm-
ethylated genes important in tumorigenesis (20). Multiple such
suppressed genes are present in HCT116 cells, as well as in many
primary human colon carcinomas (3, 20-23). Therefore, we exam-
ined whether such genes could be reexpressed after treatment with
1c or 2d. We examined six genes: four members of the secreted
frizzle-related protein family, SFRPI, SFRP2, SFRP4, and SFRPS,
that are each important in the normal regulation of the WNT
signaling pathway (24), and two GATA family transcription factors,
GATA4 and GATAS (25). Of these, SFRP1, SFRP4, SFRP5, and
GATAS were reexpressed after 48 h treatment with either com-
pound (Fig. 2C). In HCT116 cells, compound 2d exhibited greater
potency than 1lc, inducing reexpression at 1 uM. However, for
SFRP4, SFRP5, and GATAS, 10 uM 2d actually produced less
expression than did lower doses, suggesting that the growth inhi-
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bition observed in HCT116 cells at higher concentrations of 2d may
lead to lower reexpression of specific genes (SI Fig. 8). The effects
of 1c¢ and 2d were not, however, limited to HCT116 cells, as similar
results with respect to reexpression of SFRP4 and SFRP5, and
global H3K4me?2 levels were observed in RKO colon cancer cells
(Fig. 2 D and E).

To quantify the level of gene reexpression achieved with 1c and
2d treatment compared with other agents affecting chromatin
structure, HCT116 cells were treated with 1 uM of the DNA
methyltransferase inhibitor 5-aza-2'-deoxycytidine (DAC) (22),
300 nM of the class I/II histone deacetylase inhibitor trichostatin A
(TSA) (26), or the less effective LSD1-inhibiting analogues, com-
pounds 1d and 2b (Fig. 3). DAC and TSA concentrations were
chosen based on maximal inhibitor effect without cytotoxicity.
After 48-h treatment with each individual agent, total RNA was
extracted, and expression of SFRP4 and SFRP5 was determined by
quantitative real-time PCR (qPCR) relative to expression achieved
by DAC treatment. Treatment with 1c or 2d resulted in substantial
reexpression of both genes (=20-35% that achieved by DAC
treatment). This is in contrast to a lack of measurable expression
after treatment with TSA, 1d, or 2b. These results demonstrate that
both 1c and 2d, although not as potent as DAC, are effective at
producing highly significant reexpression of epigenetically silenced
genes. Furthermore, the inability of 1d and 2b treatment to result
in gene reexpression is consistent with the hypothesis that the
reexpression of silenced genes by 1¢ and 2d is a result of their potent
LSD1 inhibition.

To examine whether inhibitor-induced gene reexpression was
accompanied by changes in regulatory chromatin marks at the
specific gene promoters, chromatin immunoprecipitation (ChIP)

Huang et al.
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Fig. 2. Inhibition of LSD1 by polyamine analogues
increases global H3K4me1 and H3K4me2, resulting in
reexpression of aberrantly silenced genes in treated hu-
man colon cancer cells. (A) HCT116 cells were exposed to
increasing concentrations of the indicated compound for

48 h, and 30 g of nuclear protein per lane were analyzed
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m m SFRPS 2d (uM) compounds, and total RNA was extracted for RT-PCR
1o 2d analysis of SFRP1, SFRP4, SFRP5, and GATA5 expression.
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m GAPDH £ § ii : § 3 3 shown are from a single experiment repeated at least
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- PCNA posed to increasing concentrations of the indicated com-
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SFRP4 £ 5 histogram represents the mean protein amount of three
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SFRP5 2 z treated for 48 h with the indicated compounds and total
51 RNA was extracted for RT-PCR analysis of SFRP4 and
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RKO 0 1 5 10 1 5 10 W trol. The results shown are from a single experiment

1c 2d repeated at least three times with similar results.

analysis was used. ChIP analysis of analogue-treated HCT116 cells
revealed that gene reexpression was accompanied by increased
H3K4mel and H3K4me?2 at the promoters of all reexpressed genes
(Fig. 4 A-H). Consistent with results observed above for global
methylation, no change in promoter H3K4me3 levels was detected
(SI Fig. 9). The increased H3K4 methylation was accompanied by
increased acetyl-H3K9, a chromatin mark associated with active
transcription, and concurrent with decreases in the repressive marks
H3K9mel and H3K9me?2 (Fig. 4 A-H and SI Fig. 10). H3K9me3
levels and H3K27 methylation status remained unchanged (SI Fig.
9), similar to findings observed in the reexpression of silenced genes
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Fig. 3. Relative reexpression of SFRP4 and SFRP5 induced by polyamine
analogue inhibitors of LSD1. HCT116 cells were treated with 5 uM 1c, 2d, 1d,
or 2b; 1 uM DAC; or 300 nM TSA for 48 h. (A) qPCR analysis of SFRP4 and SFRP5
expression. Results are presented relative to expression induced by DAC and
represent the mean of three independent experiments, each performed in
triplicate + SD. (B) Representative gPCR products were analyzed on GelStar-
stained 2% agarose gel.
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in cells treated with the DNA demethylating agent, DAC (20). It is
important to note that the inhibition of demethylase activity by 1c
and 2d appears to be selective for LSD1 at the promoter sites
examined here, and thus may not affect the activity of the JmjC
domain-containing histone demethylases (7, 8, 27), because no
increase in H3K9 methylation (mono-, di-, or tri-) was observed and
H3K9mel and H3K9me?2 levels actually decreased in the promoters
of the reexpressed genes. However, this is not direct proof of
selective inhibition of LSD1 and further study will be necessary to
probe the selectivity of the analogues among the growing family of
lysine demethylases (6-10, 28).

ChIP analysis also confirmed that LSD1 is present at the pro-
moter of each gene examined, and treatment of cells with 1c¢ or 2d
has no effect on LSD1 promoter occupancy (Fig. 5). Interestingly,
SFRP2 and GATA4, two genes that are not reexpressed after
analogue exposure, demonstrate higher levels of LSD1 present at
their promoter relative to those genes that are reexpressed and
exhibit no change in H3K4me2 or H3K4mel levels in response to
treatment (Fig. 5 A and B). These results suggest that the lack of
SFRP2 and GATA4 reexpression may be a result of an inability to
sufficiently inhibit the elevated levels of promoter-associated LSD1
at these specific sites (Fig. 5C). Other events, in addition to levels
of promoter LSD1 occupancy, may also contribute to the observed
selective reexpression of silenced genes. Such events include re-
cruitment of transcriptional activation complexes containing his-
tone acetyltransferase activity and chromatin remodeling proteins,
in combination with the recruitment of specific histone lysine
methyltransferases to produce activating marks (5, 9, 29-32). These
events combined with binding of the basal transcriptional machin-
ery to the promoter may act in a selective manner to complement
the inhibition of LSD1. Consequently, other factors responsible for
the selective gene reexpression that results from LSD1 inhibition
remain to be identified.

Promoter CpG island DNA hypermethylation collaborates with
specific histone marks in the epigenetic inactivation of tumor
suppressor genes (3), and this is true for all such genes examined in
HCT116 cells (23). Therefore, we examined whether analogue
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Fig. 4. Inhibition of LSD1 by polyamine analogues increases activating
H3K4me2 and acetyl H3K9 marks and decreases repressive H3K9me1 and
H3K9me2 marks at the promoters of reexpressed genes. HCT116 cells were
treated with 5 uM of the indicated compound for 48 h. (A-D) ChIP analysis was
used to determine the occupancy of the indicated promoters by multiple
activating and repressive marks. (E-H) The quantified results are the means of
three independent experiments with an SD as indicated.

inhibition of LSD1 was accompanied by changes in promoter DNA
methylation. Methylation-sensitive PCR (MSP) suggested that an-
alogue exposure produced a decrease in promoter methylation of
SFRP4 and SFRPS5, but not in the SFRPI and GATAS5 promoters
(data not shown). However, the small changes in DNA methylation
observed with bisulfite sequencing (SI Fig. 11) after treatment with
2d suggest that such demethylation plays a relatively minor role in
reexpression and may be a consequence of reactivation rather than
a cause. These results indicate that analogue-induced increases in
H3K4 methylation alone are potent enough as activating marks to
produce some reexpression of even heavily methylated genes.

The natural polyamines are known to associate with and alter the
conformation of DNA and chromatin (33-35). Additionally, treat-
ment of cells with specific polyamine analogues are known to alter
polyamine metabolism and polyamine pools, and may thus have
secondary effects on chromatin (36). Therefore, the effects of
treatment with 1c or 2d on polyamine biosynthesis and polyamine
pools were determined in HCT116 (SI Table 1). No changes in
polyamine pools were observed after 48-h exposure to 5 uM of
either compound and only treatment with 2d was observed to result
in a modest decrease (=~40%) in activity of the rate-limiting step of
polyamine biosynthesis, ornithine decarboxylase (37). These results
are consistent with the hypothesis that the changes in chromatin
marks and gene reexpression observed are not a result of changes
in polyamine pools, but are due to inhibition of LSD1.

Finally, the effects of the inhibition of LSD1 by 1c¢ and 2d were
compared with an RNAi-mediated decrease in LSD1 expression
(Fig. 6). Forty-eight-hour exposure of HCT116 cells to LSD1-
targeting siRNA resulted in an 85% decrease in LSD1 protein (Fig.
6 A and B), which was accompanied by increased H3K4me?2 at the
promoters of SFRP1, SFRP4, SFRPS5, and GATAS, and reexpres-
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the SFRP1 promoter of untreated cells. (C) After HCT116 cells were treated with
5 uM of the indicated compounds for 48 h, ChIP was used to determine the levels
of H3K4me2 and H3K4me1 at the promoters of SFRP2 and GATA4.

sion of each gene (Fig. 6 C and D). However, 48-h treatment with
5 uM of either 1c or 2d was more effective in inducing the
reexpression of silenced genes than siRNA treatment, particularly
in the case of SFRP4 and SFRP5. These data indicate that phar-
macologic inhibition of LSD1 is more effective than RNAi with
respect to reexpression of silenced genes, and may reflect inherent
differences in chromatin structure resulting from inhibitor/LSD1
complexes versus siRNA-induced decreases in LSD1.

Abnormal epigenetic silencing of tumor suppressor genes is
associated with the development and progression of multiple
human cancers (3, 38). The recognition of the important role of
epigenetic regulation in cancer has led to active efforts to develop
drugs that can be used to restore the genes of interest to a
transcriptionally active state. Particular focus has been on combi-
nations of histone deacetylase inhibitors and DAC, which are
currently in clinical trial. The few studies demonstrating inhibition
of LSD1, primarily by siRNA, have focused on changes in global
and promoter specific H3K4me?2 and the increased expression, not
reactivation, of LSD1 target genes (6, 9, 13). Lee et al. (13), who
reported an increase in H3K4me2 in P19 EC cells treated with the
nonspecific monoamine oxidase inhibitor, tranylcypromine, exam-
ined only one other chromatin mark, the activating acetyl-H3K9 at
the Oct4 promoter. However, instead of observing the expected
increase in acetyl-H3KO9, they reported a decrease in this activating
mark. The present study is thus the first report to present data
regarding changes in other chromatin marks and activation of
silenced genes as a consequence of LSD1 inhibition.

The results presented here reveal that two promising lead
compounds, 1c¢ and 2d, are potent inhibitors of LSD1, and that this
inhibition results in increased active chromatin marks and de-

Huang et al.
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otides for 48 h. RNA was extracted for RT-PCR analysis of expression of the
indicated genes. GAPDH is included as an internal control.

creased repressive marks in the promoter regions of specific genes.
Recent data indicate that the ratios between repressive and active
chromatin marks may regulate gene transcription states (19), and
this may be an important factor in the degree of gene reactivation
and selectivity observed here. It is also of note that emerging data
suggest LSD1 activity is involved in regulating ligand-dependent
transcription of both androgen- and estrogen-dependent genes
(39-41). Therefore, further studies may be necessary to determine
the optimal strategies for improving selective reexpression of target
genes.

The fact that the polyamine analogue LSD1 inhibitors as single
agents are capable of leading to reexpression of several important
aberrantly silenced genes suggests the usefulness of such a strategy
in a clinical setting. The combination of histone deacetylase inhib-
itors and DAC has demonstrated significant clinical responses in
specific leukemias, presumably in part through the reexpression of
epigenetically silenced genes (42). Therefore, the potential of using
LSD1 inhibitors, both alone and in combination with other chro-
matin-modifying agents, presents itself as an intriguing possibility
that merits further study.

Materials and Methods

Compounds, Peptides, Histones, and Culture Conditions. Biguanide
and bisguanidine polyamine analogues were synthesized as re-
ported previously (17). Stock solutions (10 mM in double distilled
H,0) of each compound were diluted with medium to the desired
concentrations for specific experiments. Synthetic H3K4me2 pep-
tides were purchased from Upstate Biotechnology (Charlottesville,
VA). Bulk histones were purchased from Sigma (St. Louis, MO).

Huang et al.

HCT116 colorectal carcinoma cells were maintained in McCoy’s
5A medium and RKO cells were maintained in MEM medium,
both supplemented with 10% FBS (Gemini Bio-Products, Wood-
land, CA) and 1% penicillin/streptomycin (Invitrogen, Carlsbad,
CA), and grown at 37°C in 5% CO, atmosphere.

Expression, Purification, and Demethylase Assay of Recombinant
Proteins. Full-length human LSD1 ¢cDNA was subcloned into the
pET15b bacterial expression vector (Novagen, Madison, WI) in-
frame with an N-terminal 6X HIS-tag and transformed into the
BL,1(DE3) strain of Escherichia coli. Selection, expression, and
purification of recombinant LSD1 protein were performed as
described previously (SI Fig. 12) (6). Briefly, expression of LSD1-
HIS protein was induced by 1 mM isopropyl 8-D-thiogalactoside for
4 h at 37°C. The HIS-tagged protein was purified by using Ni-
nitrilotriacetic acid affinity purification resin and column as rec-
ommended by the manufacturer (Qiagen, Valencia, CA). Bound
protein was eluted by imidazole, and the eluate was dialyzed in PBS
at 4°C. Enzymatic activity of LSD1 was examined by using luminol-
dependent chemiluminescence to measure the production of H,O»,
as described previously (43). In brief, LSD1 activity was assayed in
50 mM Tris (pH 8.5), 50 mM KCl, 5 mM MgCl, 5 nmol of luminol,
and 20 ug/ml horseradish peroxidase with the indicated concen-
trations of H3K4me?2 (1-21 aa) peptide as substrate. The integral
values were calibrated against standards containing known con-
centrations of H,O,, and the activities expressed as picomoles
of H,O, per milligram of protein per minute. In addition, 5 ug of
purified bulk histones were incubated with or without 5 ug of
purified LSD1 in 50 mM Tris (pH 8.5), 50 mM KCl, 5 mM MgCl,
0.5% BSA, and 5% glycerol for 3 h at 37°C. This reaction mixture
was analyzed by Western blotting with antibodies (Upstate Bio-
technology) that specifically recognize the dimethyl group of H3K4.

Western Blotting. Cytoplasmic and nuclear fractions were prepared
for Western blot analysis by using the NE-PER Nuclear and
Cytoplasmic Extraction kit (Pierce, Rockford, IL). Primary anti-
bodies against H3K4me2, H3K9me?2, and LSD1 were from Upstate
Biotechnology. The PCNA monoclonal antibody was purchased
from Oncogene Research Products (Cambridge, MA). Dye-
conjugated secondary antibodies were used to quantify Western
blot results with the Odyssey Infrared Detection system and soft-
ware (LI-COR Biosciences, Lincoln, NE).

RNA Isolation, RT-PCR, and qPCR. RNA for RT-PCR and qPCR was
extracted by using TRIzol reagent (Invitrogen) and used for
RT-PCR as described previously (22). First-strand cDNA was
synthesized by using M-MLYV reverse transcriptase with an oli-
go(dT) primer (Invitrogen). PCR was performed by using the
following primers: SFRP1, sense, TCT GAG GCCATCATT GAA
CA; SFRPI, antisense, GAA GTG GTG GCT GAG GTT GT;
SFRP2, sense, AAG CCT GCA AAA ATA AAA ATG ATG;
SFRP2, antisense, TGT AAA TGG TCT TGC TCT TGG TCT;
SFRP4, sense, TCT ATG ACC GTG GCG TGT GC; SFRP4,
antisense, ACC GAT CGG GGC TTA GGC GTT TAC; SFRP5,
sense, ACC GCG CCT CCA GTG ACC A; SFRP5, antisense, TCT
CCTTGATGCGCATTT TGA CCA; GATA4, sense, GGC CGC
CCG ACA CCC CAA TCT; GATAA4, antisense, ATA GTG ACC
CGT CCC ATC TCG; GATAS, sense, CCT GCG GCCTCT ACC
ACA A; GATAS, antisense, GGC GCG GCG GGA CGA GGA C.
A total of 35 cycles of amplification was performed for each of the
RT-PCR experiments. GAPDH was amplified as an internal con-
trol. Amplified products were analyzed on 2% agarose gels with
GelStar staining (Cambrex, Walkersville, MD).

qPCR of SFRP4 and SFRPS5 was performed as published previ-
ously (44) by using the iQ SYBR Green Supermix kit (Bio-Rad,
Hercules, CA). The same forward and reverse primers as were used
for RT-PCR were used for qPCR in a MyiQ single color real-time
PCR machine (Bio-Rad) with GAPDH as an internal control.
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Amplification conditions for SFRP4 consisted of a 15-min dena-
turation step followed by 35 cycles of denaturation at 95°C for 30's,
annealing at 56°C for 30 s, and extension at 72°C for 30 s. Identical
conditions for SFRP5 were used except the annealing temperature
was 57°C. To quantify relative expression, the comparative cycle
threshold (C;) method was used, normalizing the C; values for the
gene of interest to the C; values of GAPDH relative to untreated
control.

ChIP. All reagents and antibodies for ChIP were purchased from
Upstate Biotechnology, and ChIP was performed as reported
previously (20). Briefly, 2 X 10° cells were used for each ChIP assay.
Control and treated cells were exposed to 1% formaldehyde to
cross-link proteins. The cell pellets were resuspended in SDS lysis
buffer with protease inhibitors, and chromatin samples were son-
icated on ice three times for 10 s each, to give average lengths of 1-
to 1.5-kb sheared genomic DNA. Lysates were then centrifuged for
10 min, diluted 10-fold, and precleared with protein A-agarose
beads diluted in ChIP dilution buffer. Antibodies against
H3K4me2, acetyl-H3K9, mono-, di-, or trimethylated H3K9 or
H3K27, and LSD1 were used as indicated for immunoprecipitation
of protein-DNA complexes. After overnight agitation at 4°C,
immune complexes were collected and washed with protein A-
agarose beads, low salt immune complex wash buffer, high salt
immune complex wash buffer, and finally TE buffer. The immune
complexes were eluted with 1% SDS, 0.1 M NaHCOs. The cross-
links were reversed overnight at 65°C, and DNA was recovered by
phenol extraction, ethanol precipitation, and resuspension in 50 ul
of sterile water. PCR primer sets used for amplification of precip-
itated fragments were as published previously (22). Sheared
genomic DNA was used as a positive control (input). Chromatin
eluted from immunoprecipitations lacking antibodies was used as a
“no antibody” control. PCR products were run on 2% agarose gels
and quantified by using Kodak (Rochester, NY) Digital Science 1D
Image Analysis software as reported previously (20, 44, 45). The
concordance of this method with quantitative ChIP was confirmed
for changes in H3K4me?2 and acetyl H3K9 at the promoters of
SFRP4 and SFRP5 by using gPCR (SI Fig. 10). qPCR was per-
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formed with the same primers used for standard ChIP on the MyiQ
single color real-time PCR machine (Bio-Rad) by using 35 cycles of
denaturation at 95°C for 30 s, annealing at 56°C for 30 s, and
extension at 72°C for 30 s for both sets of primers. Results were
quantified as described above for qPCR except that input DNA was
used for normalization.

Ornithine Decarboxylase and Polyamine Pool Analysis. Ornithine
decarboxylase enzyme activity was measured as we have published
previously (46). Intracellular polyamine pools were determined by
the methods of Kabra et al. (47). Protein concentrations were
determined by using the Bio-Rad Protein Assay (Bio-Rad).

Methylation-Specific PCR and Bisulfite Sequencing. Genomic DNA
from HCT116 cells was bisulfite modified and amplified by using
primers specific for either the methylated or unmethylated DNA
under the conditions described previously (48). The methylation-
sensitive PCR primer sets and conditions for SFRPI, SFRP4,
SFRP5, and GATAS were described previously (23).

Bisulfite sequencing of the promoters of the SFRP4 and
SFRP5 genes was performed as reported previously (23) by using
the published primer sequences and conditions.

RNAi. The previously published (39) siRNA oligonucleotide du-
plexes targeting LSD1 (5'-CACAAGGAAAGCTAGAAGA-3'),
and the scrambled control (5'-CTTGCTATGAGAACAAATT-
3"), were purchased from Dharmacon (Lafayette, CO). Transient
transfections were performed in HCT116 cells with Lipo-
fectAMINE 2000 reagent (Invitrogen) as recommended by the
manufacturer. After 48 h of exposure to 200 pmol per 1 X 10° cells,
cells were harvested and lysates analyzed for LSD1 expression, gene
expression, and changes in H3K4me?2 levels.
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